Proxy-indicators in lake sediments provide the only approach by which the dynamics of in-38 lake methane cycling can be examined on multi-decadal to centennial time scales. This 39 information is necessary to constrain how lacustrine methane production, oxidation and 40 emissions are expected to respond to global change drivers. Several of the available proxies 41 for reconstructing methane cycle changes of lakes rely on interpreting past changes in the 42 abundance or relevance of methane oxidizing bacteria (MOB), either directly (e.g. via 43
fatty acids (FAs), particularly of 13 C -depleted FAs known to be produced by MOB, relative to 48 methane concentrations in 29 small European lakes. 39 surface sediment samples were 49 obtained from these lakes and FA abundances were compared with methane concentrations 50 measured at the lake surface, 10 cm above the sediments and 10 cm within the sediments. 51
Three of the FAs in the surface sediment samples, C 16:1ω7c , C 16:1ω5c/t , and C 18:1ω7c were 52 characterized by lower δ 13 C values than the remaining FAs. We show that abundances of 53 these FAs, relative to other short-chain FAs produced in lake ecosystems, are related with 54
sedimentary MOB concentrations assessed by quantitative polymerase chain reaction (qPCR). 55
We observed positive relationships between methane concentrations and relative abundances 56 of C 16:1ω7c , C 16:1ω5c/t , and C 18:1ω7c and the sum of these FAs. For the full dataset these 57 relationships were relatively weak (Spearman's rank correlation (rs) of 0.34 to 0.43) and not 58 significant if corrected for multiple testing. However, noticeably stronger and statistically 59 significant relationships were observed when sediments from near-shore and deep-water oxic 60 environments (rs = 0.57 to 0.62) and those from anoxic deep-water environment (rs = 0.55 to 61
Introduction 73 74
Methane (CH 4 ) is a major greenhouse gas and lakes are an important natural source of CH 4 to 75 the atmosphere (Bastviken et al. 2011; Bridgham et al. 2013 ). CH 4 concentrations in lakes are 76 determined by the rate of biogenic CH 4 production, a process in which methanogens produce 77 CH 4 using the hydrogenotrophic, acetoclastic, or methylotrophic pathway (Borrel et al. 2011) , 78
and by the rate of CH 4 diffusion and ebullition into the water column and further into the 79 atmosphere. Another process that can remove CH 4 from lakes is methanotrophy, a microbially 80 MOB, which use CH 4 as their energy and carbon source, incorporate CH 4 -derived carbon into 87 their biomass. Therefore they are characterized by very negative δ 13 C values as well, which can 88 be even lower than those of the original CH 4 due to isotopic fractionation during CH 4 uptake 89 (Summons et al 1994) . Since CH 4 is significantly more depleted in 13 C than other carbon 90 sources, δ 13 C is a good tracer for CH 4 -related processes in lakes. For example, modern and 91 palaeoecological food web studies have used δ 13 C analysis to assess the importance of MOB as 92 a food source for aquatic invertebrates in lakes (e.g. Sanseverino Since long instrumental time series are lacking it is challenging to predict how and at which 97 time scales lacustrine CH 4 production and emission will respond to future environmental 98 pressures such as global warming and widespread eutrophication and reoligotrophication of 99 inland waters. Proxy-based reconstructions of past changes in lacustrine carbon cycling have 100 been explored as alternative approaches for constraining how the carbon cycle of lakes, and 101 particularly CH 4 production, oxidation, and uptake in the food web, respond to environmental 102 change. Such studies are particularly relevant for assessing how these processes react on multi-103 decadal to centennial timescales to global change drivers such as increasing air and water 104 temperatures and anthropogenic nutrient release, since these timescales are not covered by 105 instrumental measurements. 106
Proxy-based approaches used to constrain past changes in CH 4 availability, production and 107 oxidation in lakes have been based either on geochemical measurements on specific organic 108 microfossil groups (e.g. Wooller conditions, near-shore surface sediments from the littoral zone were also analysed for 11 165
Swedish lakes (lake abbreviations in small letters). All of these samples were located above the 166 oxycline. The lakes are all relatively small (average surface area 0.32 km 2 ), shallower than 167 32 m, and characterized by variable nutrient concentrations and mixing conditions (Suppl. 168 Table 1 ). The sampling of the lakes took place during late summer stratification (August-169 
177
The lakes were analysed for basic limnological variables including temperature and oxygen 178 profiles, pH and conductivity as well as total nitrogen, total phosphorus and dissolved inorganic 179 carbon (DIC) concentrations in the surface and/or bottom water (presented in detail in Rinta et 180 al. 2015) . CH 4 concentrations were measured both in the lake centre and near the shore for 181 surface water (5 cm below water surface), and 10 cm above the sediment-water interface. In 182 addition, CH 4 concentrations were measured for each coring site 10 cm below the sediment-183 water boundary to provide an estimate about CH 4 -richness of the sediments of the different 184 lakes. Samples 10 cm below the sediment surface rather than the 0-2 cm surface sediment 185 sample were collected, since these reflect CH 4 levels in sediments deeper than the surficial zone 186 of oxidation. Furthermore, these sediments were already consolidated and could be transferred 187 to a container for expulsing and subsampling the CH 4 without major loss of CH 4 . 188
Surface water CH 4 concentrations were calculated using the headspace equilibration method 189 was collected to correct for background air CH 4 concentrations. Water 10 cm above the 195 sediment surface was sampled from gravity cores with an intact sediment surface both in the 196 lake centre and near-shore environments using a small tube connected to a syringe with a three-197 way luer-lock valve (Rinta et al. 2015) . After rinsing the tube several times and removing any 198 gas bubbles, 60 ml of water were collected above the sediment in the core and injected into 118 199 ml N 2 -filled glass vials holding 0.2 ml phosphoric acid for CH 4 measurements. A standard 200 volume of sediment from 10 cm depth in the cores was collected and rapidly transferred to an 201 airtight 130 ml flask and 45 ml lake water, equilibrated with ambient air in terms of CH 4 202 concentrations, was added with a syringe attached to a valve in the cap (Rinta et al. 2015) . After 203 shaking to force the CH 4 from the sediment into the headspace, 45 ml of the headspace was 204 sampled through the valve and injected into a 50 ml glass vial pre-filled with saturated brine 205 solution, using a second needle to partly drain the brine solution. CH 4 concentrations were 206 measured by gas chromatography with flame ionization detector (GC-FID, Agilent 6890 N, 207
Plot Q capillary column for water samples from Finnish lakes and Shimadzu GC-8, Poropak N 208 column for the others) with a repeatability error below 1.4 % for measurements around 209 100 ppm, 1.7 % around 500 ppm and 0.4 % around 1000 ppm (Rinta et al. 2015 (Rinta et al. , 2017 . 210
Conversions to µmol/l units were made using Henry's law and the common gas law as 211 
216
Sediments for FA analysis were frozen in the field, and stored frozen in the dark until they were 217 freeze-dried in the laboratory. Ca. 1 g freeze-dried sediment was extracted with 218 dichloromethane/methanol (MeOH) in a micro-wave (Anton Paar) and by ultrasonication. 219
Traces of water were removed by running the extract over a Na 2 SO 4 column and sulphur was 220 removed using a Cu column. The extract was saponified with 6 % KOH in MeOH for 3 h at 221 80 °C. The acid fraction was extracted from the aqueous phase after the addition of HCl until a 222 pH below 2. After removing water with a Na 2 SO 4 column again, the FAs were methylated with 223 10 % BF 3 /MeOH to produce methyl esters (FAMEs) (2 h at 100 °C). Lipid concentrations were 224 examined using gas chromatography with flame ionization (GC FID, Schimadzu GC-2010 Plus 225
with Inert Caps 5MS/NP column). Individual compounds were identified with gas 226 Samples were extracted with phenol-chloroform-isoamyl alcohol (25:24:1), followed by a 253 chloroform-isoamyl alcohol (24:1) extraction. 125 µl of 7.5 mol l -1 potassium acetate was 254 added, samples were incubated on ice for 5 min and then centrifuged at 10000 rpm for 10 min. 255
Supernatants (2 × 700 µl per sediment sample) were transferred to new tubes, 700 µl Binding 256
Matrix was added and tubes were mixed for 5 min on a rotator. Binding Matrix, with bound 257 DNA, was pelleted by 1 min centrifugation at 10000 rpm. The supernatant was discarded and 258 the pellet was resuspended in 500 µl wash buffer. The resulting suspension was added into a 259
Spinfilter, and centrifuged for 1 min at 10000 rpm. The eluate was discarded and the pellet was 260 washed again in 500 µl wash buffer. After discarding the second eluate, the Spinfilter was 261 centrifuged for another 10 s to dry the pellet. The filter was taken into a new tube and 50 µl of 262 TE pH 8.0 was added. The filter was incubated at room temperature for 1 min and centrifuged 263 for 1 min. The filter was re-eluted in the same way with 50 µl of TE pH 8.0. 264 265
Quantitative PCR (qPCR) 266
Three methanotrophic sub-groups (Ia, Ib, and II) were quantified by pmoA (particulate 267 from different study regions (see Section 4.1). Since terrestrial input can strongly affect relative 297 abundance data of lacustrine sediment components, and the main interest of this study was on 298 the aquatic components, FA abundances were expressed relative to the sum of short-chain FAs 299 (C 14 to C 22 ) for all further analyses, excluding the longer chained FAs (C 24 to C 28 ) which 300 originate from terrestrial organic matter (Meyers 2003) . 301 GC-IRMS data were screened to identify FA groups with 13 C-depleted values typical for 302 organic compounds produced by MOB. All of the 13 C-depleted FA groups found in our survey 303 are known to be produced by MOB, but also by other organism groups (see Sections 4 and 5). 304
To confirm that in our dataset they originated to a significant extent from MOB we compared 305 the abundances of these FAs with the number of DNA copies (pmoA gene) per g organic matter 306
(org C) measured for different MOB types using Spearman's rank correlation (r s ) and associated 307 p values. DNA copies were expressed relative to total organic carbon content (TOC) to reduce 308 the effects of variable proportions of inorganic sediment components (e.g. clay, silt, sand or 309 autochthonous carbonates) on the results. Organic matter content was measured using loss on 310 ignition at 550°C (Heiri et al. 2001) . 311
The relationship between relative abundances of 13 C-depleted FA groups and CH 4 312 concentrations was again assessed by calculating r s and associated p values. r s values were 313 calculated for the entire dataset but also separately for two categories of sediments: sediments 314 deposited in anoxic deepwater sections of the lake basins (referred to as anoxic sediments 315 samples, O 2 < 1 mg l -1 , 0.5 m above sediment surface), and oxic deepwater sediments together 316 with near-shore water samples (referred to as oxic sediment samples; see Suppl. Table 1) . 317
Correlations (r s values) were calculated with the program PAST (Hammer et al. 2001). The 318
results were corrected for multiple testing using the False Discovery Rate method (FDR; 319
Benjamini and Hochberg 1995) as described in Garcia (2004) . 320 321
Results 322 323

Biomarker composition 324 325
The FA composition showed a strong even over odd predominance and maxima at n-326 C 16 in most of the samples. There were clear differences in the FA composition between the 327 study areas. The Fennoscandian lakes showed a higher proportion of longer chain FAs (C 24 to 328 C 28 ), but the overall composition was similar to samples from Western and Central Europe and 329 n-C 16 remained the dominant FA. These interregional differences are confirmed by the PCA 330 analysis based on relative FA abundances (Fig. 2) . Longer chain FAs (C 24 , C 26 , C 28 ) were all 331 characterized by positive axis 1 scores and negative axis 2 scores, in agreement with positive 332 axis 1 scores for most of the Fennoscandian samples. C 20 and C 22 also followed a similar 333 distribution in our dataset as the longer chain FAs. C 22:1 and C 18 were characterized by high 334 axis 1 and 2 scores, indicating that these compounds had a different distribution in the lake 335 sediments than the rest of the FAs. FAs with negative axis 1 scores, e.g. C 15 , C 16 , or C 18:2 form 336 another, more heterogeneous group. The observation that most of the Swiss lake sediment 337 samples were also characterized by negative axis 1 scores indicates higher relative abundances 338 of these compounds in the Swiss sediment samples. The littoral sample of Stora Vänstern (stv) 339 was different in its FA composition from all other samples (Fig. 2) . However, this sample was 340 already identified as potentially contaminated by older sediments and sediment redeposition in 341 the field and characterized by sandy material. We therefore excluded this sample from further 342
analyses. The deep-water sample of Glimmingen (GLI), which is plotted in a similar area of the 343 PCA biplot as stv, contained also sandy material, although to a lesser extent. Although GLI 344
showed a different FA composition than the other lakes, the sample was not apparent as an 345 outlier in the relationships between FAs and CH 4 concentrations and therefore retained in 346 further analyses. Since the aim of the study was to assess whether with higher CH 4 347 concentrations 13 C-depleted FA groups become more abundant relative to other FAs typically 348 produced by aquatic organisms (see Sections 1 and 2) we eliminated longer chain FAs (C 24 , 349 C 26 , C 28 ) originating from terrestrial environments from further analyses. 350
Most of the individual FAs showed a similar range of δ 13 C values (Fig. 3) . However, 351 C 16:1ω7c , C 16:1ω5c/t , and C 18:1ω7c were more depleted in 13 C (Fig. 3) were not found in the examined lake sediments or the peak areas of these specific FAs were too 358 low to be quantified and analysed reliably. 10 cm above and 10 cm below the sediment surface. C 16:1ω5c/t was also correlated with CH 4 377 concentrations in the sediments, but this relationship was no longer significant after correction 378 for multiple testing (Table 2) . 379 
2011). 395
The longer-chain FAs, with high axis 1 values in the PCA analysis (Fig. 2) , are reported to be 396 derived from terrestrial sources, for example C 24 -C 30 from waxy coatings of land plants (Meyers 397 2003). C 22:1 , which together with C 18 shows a different distribution than the rest of the FAs, is 398 known to be produced by zooplankton, copepods and higher plants (Pearson et al. 2007 ). C 18 399 may originate from many sources, mainly freshwater algae (Meyers 2003 to be present in some other bacteria (Zegouagh et al. 2000 ). As we were mainly interested in 419 relationships between MOB-derived FAs and CH 4 concentrations, we focused our numerical 420 analyses on these compounds, which were more depleted in 13 C and were characterized by a 421 abundances of C 16:1ω7c , C 16:1ω5c/t , and C 18:1ω7c were observed in oxic sediment samples and 425 therefore, above the oxycline (and above any existing chemocline) in the lakes (Fig 5) . Also, 426 the correlations of these FAs with MOB concentrations of the sediments (Table 1) , and the 427 correlations of the relative abundances of these FAs with in-lake CH 4 concentrations in our 428 dataset (Table 2) support that MOB are a relevant source of these FAs in our study lakes. The strongest and most consistent correlations were observed between MOB abundances and 449 C 18:1ω7c . However, the abundances of the different MOB types were strongly inter-correlated (rs 450 = 0.67-0.83). Therefore, this finding does not necessarily indicate that C 18:1ω7c is produced by all 451 three MOB types in our study lakes, since, in principle, the apparent correlation of C 18:1ω7c to all 452 MOB types could also result from production by one MOB type only. partly decomposed during sedimentation and contribute to a lower extent to FAs measured at 506 the sediment-water interface than MOB growing in the surficial sediment layers. In these 507 situations, a high contribution of MOB-derived FAs would be expected for sediment samples 508 located at or just below the oxycline, as confirmed by the highest abundance of 13 C-depleted 509
FAs observed for our dataset in oxic samples overlain by relatively CH 4 -rich water. 510
The abundances of C 16:1ω7c and of the sum of 13 C-depleted FAs in the surficial sediment layers 511 were robustly correlated with CH 4 concentrations of the deeper sediment layers 10 cm below 512 the sediment surface, both for the anoxic and oxic sediment samples (r s = 0.57-0.59 and 0.61-513 0.65, respectively; Table 2 ; Fig. 4 ). This suggests that the overall CH 4 richness of sediments, 514 and supply of CH 4 to the uppermost sediment layers, also promote higher abundances of CH 4 -515 derived carbon in sedimentary organic carbon in the surface sediment samples. 516 517
Conclusions and implications for palaeoenvironmental reconstructions 518 519
We show that in 29 small lakes across Europe the abundance of 13 C-depleted FA groups 520 relative to other FAs produced in freshwater ecosystems increases with increasing CH 4 521 concentrations, at least when relationships are examined separately for sediments deposited in 522 oxic and anoxic environments. This is expected if the relative contribution of CH 4 -derived 523 carbon in lacustrine sedimentary organic matter, originating from MOB, increases with 524 increasing in-lake CH 4 concentrations. This interpretation is supported by the analysis of the 525 number of DNA copies of MOB in the examined sediments, which in our dataset is clearly 526 correlated with the abundance of 13 C-depleted FAs. However, our analyses also indicate that 527 the proportion of 13 C-depleted FA groups was highest in oxic sediment samples deposited in 528 environments with relatively high CH 4 concentrations, suggesting that the proportion of CH 4 -529 derived sedimentary organic carbon may also be elevated in these sediments. In contrast, lower 530
proportions of these 13 C-depleted FAs were observed in sediments deposited in anoxic sections 531 of the study lakes. Our analyses also show that different relationships between the relative 532 abundance of 13 C-depleted FA groups and in-lake CH 4 concentrations are observed for 533 sediments deposited in oxic and anoxic sediments. This implies that relationships between the 534 proportion of CH 4 -derived carbon in aquatic organic matter and CH 4 concentrations may also 535 differ between these two depositional environments, at least for sedimentary organic matter 536 deposited in small temperate lakes such as the ones we examined in our study. 537
The robust correlations observed between CH 4 concentrations of the sediments and the 538 abundance of 13 C-depleted FAs suggest that these relationships are not just with CH 4 539 abundances at or above the sediments. Instead, CH 4 -rich lakes, characterized by high CH 4 540 production and concentrations in the sediments, seem to be generally characterized by higher 541 abundances of 13 C-depleted FA groups in the surface sediment, although we again observed 542 different relationships between the abundance of these FAs and CH 4 concentrations in the 543 sediments for oxic and anoxic environments. 544
Our findings have two potential implications for approaches reconstructing past changes 545 in CH 4 availability in lakes based on geochemical analyses of lake sediments. First, they 546 confirm that higher abundances of 13 C-depleted FAs, from FA groups that are known to be 547 produced by MOB, can be found in the sediments of small lakes under higher CH 4 548
concentrations. This agrees with earlier interpretations that the observed relationships between 549 water column compared with those produced in sediments. 569
A major constraint of our study is that other organisms than MOB can contribute to the 570 three 13 C-depleted FA groups detected at our study sites and that FA groups strictly limited to 571 MOB were not detected in our survey. Although the different lines of evidence (FA analyses, 572 qPCR analyses, correlations with CH 4 concentrations) are all consistent with the interpretation 573 that the contribution of MOB-derived organic matter in lake sediments increases with 574 increasing in-lake CH 4 concentrations, it is unclear how the observed relationships were 575 influenced by the production of C 16:1ω7c , C 16:1ω5c/t , and C 18:1ω7c FAs by other organisms than 576 MOB. Our results should therefore be corroborated by similar surveys focusing on lipid groups 577 specific to MOB such as more specific FAs or specific bacteriohopanepolyols (e.g. Fig. 1 . Study sites located in Finland (6 lakes), the Netherlands (2), Sweden (11) and Switzerland (10). 
